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Abstract
In this paper a novel fluid-structure interaction approach for simulating flutter phenomenon is presented. The method is capable of 
modelling the structural motion and the fluid flow coupling in a fully three-dimensional manner. The key step of the proposed FSI 
procedure is a hybrid scaling of the physical fields; certain properties of the CFD simulation are scaled, while those of the mechanical 
system are kept original. This kind of scaling provides a significant speedup, since the number of the costly CFD time steps can 
be remarkably reduced. The acceptable computational time makes it possible to consider complex engineering problems such as 
buffeting, vortex shedding or flutter of a bridge deck or a wing of an airplane.
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1 Introduction
In the past decades really slender bridges have been built. 
Wind sensitivity of such buildings are well known, there-
fore their thorough dynamic calculation due to wind load-
ing is essential. In the early ages of bridge aerodynam-
ics, wind tunnel tests were used. Since the collapse of the 
Tacoma Narrows Bridge, a series of experimental tests 
were performed in order to unveil the reasons [1–2]. Billah 
and Scanlan [3] concluded these findings. These measure-
ments were based on basically section wind tunnel mod-
els. Later on, with the strong need to capture the complex 
three-dimensional mutual interaction of the structural 
oscillation and the airflow around it, more sophisticated 
full aero-elastic wind tunnel models were applied. In the 
case of a number of large span bridges, these advanced 
tests were used [4–7]. Both the section and full aero-elastic 
models have their advantages and disadvantages. The full 
aero-elastic model approach is preferred for its capability 
to consider the whole bridge structure and the dynamic 
mode shapes as well as the corresponding natural frequen-
cies and modal damping. These parameters need special 
care to adjust accurately, therefore the aero-elastic wind 
tunnel testing is rather costly. As the whole bridge struc-
ture is to be placed into the wind tunnel, the scaling needs 
to be higher (1:100~1:300) compared to the section models 
(1:20~1:60), leading to miniature ancillaries (e.g. fairings), 
and limited Reynolds-number achieved. Therefore, as to 
accuracy of aerodynamics, the more detailed section mod-
els can be expected to provide better results. 
In the past several years, Computational Fluid Dynamics 
(CFD) has become popular in bridge aerodynamics. The 
wind tunnel tests can apparently be guided or even be 
replaced by numerical modelling. A series of success-
ful numerical section studies have been performed with 
detailed validation to measurements [8–11]. A full review 
of these is found in [12]. These CFD simulations can be 
applied either to coupled fluid-structure interaction simula-
tions, or to the flutter derivatives theory by means of forced 
oscillation method. By using CFD, the geometry scaling is 
not necessary contrary to the wind tunnel tests, which is 
the greatest advantage of the CFD. The prototype bridge 
geometry and wind speed can be considered, therefore the 
real Reynolds-number is ensured.
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Despite the fact that a number of commercial soft-
ware offer convenient coupled fluid-structure interac-
tion solutions, a validated fully aero-elastic fluid-struc-
ture interaction (FSI) simulation of a bridge deck is rare 
in literature [13]. Instead, the structure is modelled in 
a three-dimensional manner, the flow field is considered 
two dimensional [14–15]. The authors have invested a lot 
in order to exploit the advantages of CFD so as to perform 
coupled simulations. As a first step, a full aero-elastic wind 
tunnel model was constructed for validation purposes by 
Szabo et al. [16]. The critical wind speed of coupled flutter 
was well captured by using an FSI simulation, in which the 
FLUENT [17] commercial software was utilized. The aero-
dynamic forces were calculated via the software, while the 
structural dynamic motion of the bridge deck as well as the 
deformation of the CFD cells were handled by user defined 
functions (UDFs). With the application of the dynamic 
mode shapes and natural frequencies of the mechanical 
model, and using a simple explicit coupling technique, the 
simulation can be acceptably fast. Although this study was 
an idealized simulation case, provided promising results 
and offered an FSI approach that seemed capable of han-
dling real bridge projects. 
In order to further develop our FSI technique, it was dep-
loyed for commercial projects as well by Szabó et al. [18]. 
The conclusion was that the FSI simulation in case of a 
real bridge structure with high Reynolds-number needed 
significantly higher computational time, due to two rea-
sons. First of all, the high Reynolds-number requires finer 
mesh near the bridge deck boundary in order to meet the 
y+=30~300 criteria for a high Reynolds-number turbu-
lence model, consequently the CFD model contains more 
cells. Smaller cells call for smaller CFD time steps in order 
to keep Courant-Freud-Levy (CFL) number below 1 [19]. 
Secondly, the real bridge has lower natural frequencies 
than a wind tunnel model (higher periods of oscillation), 
therefore the flutter motion calculation needs more time to 
capture. These two reasons may provide explanation for 
the rare application of full aero-elastic FSI in bridge and 
building aerodynamics. 
When scrutinizing the literature of aircraft aerodynamics, 
however, the case is different; a number of full aero-elastic 
FSI simulation can already be found that consider a whole 
airplane with the body and the wings altogether in a com-
plex model. A complete F-16 jet fighter model was included 
in an FSI by Farhat et al. [20], for instance. There are rea-
sons for the popularity of full aero-elastic FSI in the field 
of aircraft aerodynamics. The airplanes are streamlined 
in nature; no massive flow separation happens in case of 
a flutter phenomenon, therefore larger boundary layer cells 
can be enough in the CFD model. The larger the size of 
the cells, the larger the maximum CFD time steps can be 
allowed. Still, a complex three-dimensional approach is 
indeed time-consuming even in case of aircraft modelling. 
It seems obvious to use a large number of processors that 
can handle tremendous amounts of CFD cells. When a PC 
with limited resources (processor, RAM) is available only, 
that is commonly the case at a design office for instance, 
special considerations need to be made during the model 
creation in order to vastly reduce the computational time.
The classical linear reduced order model worked out 
in the frequency domain was proposed by Scanlan and 
Tomko [21]. This widely used section model concept has 
been developed into a linear aero-elastic model with the 
introduction of the modal aerodynamic derivatives by 
Szabo et al. [16]. A promising nonlinear reduced order 
model based on the Volterra-series technique was pro-
posed by Wu and Kareem [22] for vortex shedding prob-
lems of bridge decks. The same approach was utilized 
by Balajewicz and Dowell [23] for wing flutter as well. 
The Volterra-series were combined with section model 
approach only, no aero-elastic application has been made 
so far. Both the Scanlan and Volterra models handle the 
structural motion and the fluid flow separately. In some 
cases, however, FSI simulations are preferred for their 
capabilities of simulating complex physical phenom-
ena in the time domain. Hence, the FSI computational 
time reduction is a widely researched topic in the field of 
numerical aerodynamics. The special features of the cou-
pled simulations are concluded below.
A crucial part of an FSI is the coupling of the solid and 
the fluid domains of the problem. Depending on coupling or 
separating the system matrices of the solid and fluid fields, 
monolithic and staggered methods are available. As the 
staggered method seems easier to implement, it gained 
ground instead of the monolithic (Hübner et al. [24]) con-
cept. In case of the staggered method, both implicit and 
explicit approaches are used. Implicit coupling requires 
internal iteration within a coupling time step. Implicit 
scheme is referred to as strong coupling, as the imbalance 
of the forces and displacement is controlled at each time 
step. Implicit approach is particularly necessary when 
the CFD time step is allowed to be rather large; numeri-
cal instability or inaccuracy may occur without iteration 
within a time step. Zhang and Gay [25] proposed two types 
of implicit coupling; both a fourth order Runge-Kutta and 
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a predictor-corrector scheme proved to be appropriate to 
perform within a time step. One another method is a full 
sub-iteration at a time step until the predefined conver-
gence is satisfied. It is important to emphasize that each 
one needs recalculation of the aerodynamic forces at each 
time step. The loosely coupled explicit technique is also 
widely used for its simplicity and the possibility to be 
embedded into a commercial CFD code. Despite the fact 
that numerical stability and accuracy is conditional, that 
is well concluded by Farhat et al. [20], the loosely coupled 
approaches can provide accurate results. It is clear that the 
proper time advancement scheme is of utmost importance 
to choose when using explicit method. Due to its simplic-
ity, the leap-frog method is popular to solve structural 
dynamics, by which second order accuracy can be guaran-
teed [26–28]. The concept of the leap-frog method is a half-
time shift between the structural unknowns (acceleration, 
displacement and velocity). To conclude, flutter modelling 
of a bridge deck or a wing of an airplane seems feasible by 
using full aero-elastic FSI simulations. The main drawback 
of these methods is the extremely high computational time 
that hinders their practical application. 
In this paper a novel hybrid scaling technique is pre-
sented that offers full aero-elastic modelling capabilities. 
A scaling is applied to the CFD part of the FSI, therefore the 
fluid forces are calculated at lower Reynolds-number than 
real. In return, the computational time can be remarkably 
reduced that is of primary importance in industrial proj-
ects, particularly during preliminary design. The appli-
cability of the proposed method is demonstrated on the 
one-degree-of freedom flutter (often mentioned as torsional 
instability) motion of the first Tacoma Narrows Bridge.
2 Introduction of the hybrid scaling method
The novel method consists of the ordinary modelling steps; 
a numerical finite element method (FEM) and a CFD model 
are necessary to build first. The FEM model is used to extract 
the dynamic mode shapes and the corresponding natural 
frequencies, which are further applied within the CFD code 
in order to perform the FSI simulation. The point in the 
hybrid scaling method is that the structural dynamics equa-
tions are solved with respect to the real mechanical prop-
erties, but the CFD model is considered with downscaled 
geometry, higher wall boundary oscillation frequency and 
scaled inflow wind speed compared to real. The modifica-
tions in the CFD modelling are done with respect to the 
reduced wind velocity (Ured), which is to be equal to the 
prototype. The special considerations are expressed below.
2.1 Fluid dynamics model
The CFD mesh needs to be constructed around the 
bridge deck shape. Compared to conventional unscaled 
approaches, the CFD environments are set by introducing 
three scaling parameters. These are SGEOM, SFREQ and SWIND 
that belong to the geometrical dimensions, the oscillation 
frequencies and the inflow wind velocity; respectively. The 
CFD mesh geometrical size is downscaled based on the 
SGEOM parameter; instead of the real geometry, the struc-
ture is represented with reduced size. The structural oscil-
lation frequencies of the certain modes calculated by the 
FEM model are also scaled in the CFD model based on the 
SFREQ parameter. The real inflow wind speed is scaled by 
using SWIND. The ordinary principles as to the CFD model 
need to be respected. The cell point motion is to be handled 
with special care in order to maintain good mesh quality 
throughout the whole FSI process. A three-zone dynamic 
mesh approach is proposed in Fig. 1. The 3D mesh is to be 
constructed by extruding a 2D mesh, resulting in a number 
of 2D slices. For each of these 2D segments the following 
applies. The inner rigidly moving zone contains the bridge 
boundary and a surrounding region. Within this zone there 
is node motion but there is no cell distortion. The outer 
fix zone is perfectly standstill; no cell node motion hap-
pens at all. The transition deforming zone accommodates 
the deformation difference between the inner and outer 
zones. A simple linear (user defined) function is applied 
to diminish the cell motion from the outer edge of the rig-
idly moving zone towards the inner edge of the fixed zone. 
Fig. 1 Three zone types for the aero-elastic CFD mesh
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Obviously, the 3D cells between two neighboring 2D seg-
ments have to deform. If the boundary motion is extremely 
large, more complex dynamic mesh can be recommended 
based on minimizing a functional such as proposed by 
Ge and Liu [29] or assuming the fluid domain as a pseu-
do-solid structure by Zhong and Xu [30].
2.2 Mechanical model and steps of the simulation
The FSI simulation was carried out by using a staggered, 
explicit scheme (see Fig. 2), which is described in [20]. The 
proposed method requires the scaling parameters (SGEOM, 
SWIND and SFREQ). In Fig. 2, u: structural displacement, f: 
modal force, x: bridge CFD boundary displacement, w: 
fluid unknowns. The modelling steps are addressed below:
1. Calculation of the modal forces:
The modal aerodynamic forces acting on the CFD bridge 
deck boundary of a section are calculated at every coupling 
time step (Fig. 3). Based on our preliminary study, the fric-
tion forces were neglected for simplicity. It is important 
to underline that by involving modal analysis in the FSI, 
the time costly mapping of the aerodynamic forces onto 
the structure surface mesh can be omitted. The structural 
motion is computed based on the modal analysis; the prob-
lem can be reduced by using the mode shapes and natural 
frequencies of the bridge. The dynamic equation of motion 
can be converted to scalar equations by using the well-
known modal transformations. The number of the modal 
equations depends on that of the included mode shapes. 
In case of a bending and a torsion modes considered, the 
modal forces based on the aerodynamic pressure forces 
from the CFD can be written in Eqs. (1) and (2) according 
to Fig. 3. The Фdisp and Фrot are the mode shape vectors of 
the bridge deck. L is the total length of the deck. 
f z p x z dxdzdisp disp y= ( )× ( )∫∫ Φ ,  (1)
f z x p x z dxdz
z p x z y y dydz
rot rot y
rot x CG
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The modal forces are scaled up to the real bridge as:
f S S fdisp REAL GEOM WIND disp CFD, , ,      
2 2  (3)
f S S frot REAL GEOM WIND rot CFD, , .      
3 2  (4)
2. Solving the structural equations:
The structural displacement (u) of the real structure is 
determined based on the modal analysis combined with 
the leapfrog method with a time step of:
 t S tREAL FREQ CFD  .  (5)
3. Transferring bridge displacement to the CFD:
The calculated real bridge bending (h) and torsion dis-
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4. Solving fluid equations:
Constructing the CFD mesh, setting the boundary condi-
tions and the numerical schemes and choosing a proper 
turbulence model. The geometrical size (B and D: bridge 
deck width and height, L: span length), the inlet wind 
speed (U) and the oscillation frequencies (n) in the CFD 









Fig. 2 Staggered, explicit fluid-structure coupling chart
Fig. 3 Aerodynamic pressure representation on a slice of the 3D deck
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n S nCFD FREQ REAL  .  (12)
As there is no iteration between the fluid and solid 
domains, the step number 2 needs to be performed by 
selecting the most appropriate time integrator for calculat-
ing the structural unknowns. The second order time accu-
rate leap-frog scheme was utilized [26]. By using modal 
analysis, independent scalar equations are to be solved 
that can be embedded into the fluid solver. Hence, the flu-
id-structure interaction calculation requires insignificant 
CPU time within a time step. 
3 Numerical example
3.1 The first Tacoma Narrows Bridge
The proposed procedure is demonstrated on a well-known 
case; the torsional oscillation of the 1st Tacoma Narrows 
Bridge. The geometry and the mechanical properties of 
the bridge structure were taken from [31]. The structure 
was a suspension bridge with main cables and hangers. 
The pylons were made of pure steel. The bridge deck con-
sisted of two I-shape girders on each side, which were 
connected together by cross girders. A concrete slab was 
placed onto the cross girders as a carriageway. The sim-
ulation was carried out with the guidance of video docu-
mentations. According to observations, the bridge showed 
dominantly torsional oscillation, with a corresponding 
period of approximately T = 5 s, which indicates an oscil-
lation frequency of around n = 0.20 Hz. Based on the stud-
ies found in literature, the following conclusions can be 
drawn as to the observed phenomenon:
• The oscillation was caused neither by gust nor vortex 
shedding related resonance
• The primary reason of the bridge deck oscillation can 
be explained by the mutual interaction of the struc-
tural motion and the aerodynamic forces, finally 
resulted in a negative total damping over the critical 
wind speed
• The critical wind speed was low due to the unfavor-
able bridge deck section shape and the low torsional 
stiffness
• The first torsion mode showed up alone before 
the bridge collapsed, therefore the phenomenon is 
referred to as single DOF torsional instability instead 
of coupled flutter, which occurs in case of stream-
lined objects
3.2 Structural dynamics model of the bridge
The FEM model of the bridge was built up by using the 
AXIS [32] commercial software (Fig. 4) based on the 
bridge drawings [31]. The main cables and the hangers 
were modelled by using truss elements with compres-
sion-tension capabilities. Beam elements were applied for 
the stiffening girders and the cross girders. The concrete 
slab was modelled by using shell elements. The stiffness 
of the structural elements were calculated based on the 
Young-modulus of steel (E = 20600 kN/cm2), and concrete 
(C20/25 grade assumed, E = 2000 kN/cm2).
The dynamic mode shapes and the corresponding nat-
ural frequencies (Figs. 5 and 6) were calculated by taking 
the second order effect of the tension in the main cables 
into account, that is the initial stresses in the cables are 
included in the stiffness matrix. This linear approach was 
selected as the aim was to find the flutter onset. If the 
amplitudes over the critical wind speed are of interest, 
however, nonlinear structural models are used [33].
Fig. 4 Structural FEM model
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The results are in good agreement with that can be 
found in literature (Billah and Scanlan [3]); the natural 
frequency belonging to the most relevant torsional mode 
is n = 0.183 Hz.
It is an important issue to assume the structural damp-
ing properly. The real value of the Tacoma Narrows bridge 
is not known [3], therefore the logarithmic decrement of 
structural damping is assumed to be δ = 0.02 for each 
mode (Figs. 5–6).
3.3 CFD model of the bridge
The proposed technique can be applied either to 2D or 3D 
CFD meshes. The latter is applied here (Fig. 7). The mesh 
was made by constructing a 2D mesh around the bridge 
deck shape with triangular cells. The number of the in-plane 
cells is ~25.000. The three-dimensional mesh was made 
by extruding the 2D mesh with a division number of 100, 
resulting in a total number of 2.5 million cells. The LES 
turbulence model was utilized. First order advancement 
scheme was selected for time discretization. A coarse mesh 
by using ~10.000 in-plane cells and 10 extrusion division 
number resulting in a total cell number of 100.000 was also 
created. This mesh was combined with the k-ε turbulence 
model. Even if the two applied turbulence models are dif-
ferent in nature, their results were compared; the k-ε model 
was validated to the LES. The aim of the coarse mesh is the 
low CPU time in order to demonstrate the hybrid scaling 
more detailed with several simulations. It was shown that 
RANS models can be good compromise between accuracy 
and low CPU time for flutter problems [34–35]. The com-
putational domain is shown in Fig. 8. 
The geometric scaling parameter SGEOM was selected 
to 10, which means that the width of the deck is B = 1.243 m 
in the CFD model, while B = 12.43 m in case of the real 
bridge. The diameter of the inner and outer circles around the 
bridge (see Fig. 1) are D1 = 7 m and D2 = 15 m, respectively. 
Fig. 5 Vertical bending mode
Fig. 6 Torsion mode
Fig. 7 2D slice of the 3D CFD mesh around the bridge deck
Fig. 8 Scaled (M = 1:10) CFD domain of the main span of the bridge deck
Szabó et al.
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The displacement and the displacement-dependent aerody-
namic forces are irrelevant at the side spans, therefore the 
CFD model includes the main span only. Steady, uniform 
wind speed and turbulent properties were defined at the 
inlet boundary. The turbulence intensity and length scale 
were 1 % and 0.1 m.
3.4 Hybrid scaling
The hybrid scaling parameters for the FSI simulation can 
be seen in Table 1. For better understanding, a setup with-
out scaling is also presented separately in Table 2. In the 
tables below B: bridge deck width, D: bridge height, 
L: main span length, U: inflow wind speed, n: natural fre-
quency of the torsional mode, Ured = U/(Bn): reduced wind 
velocity, Re: Reynolds-number, Δt: time step, N: total time 
step number in the FSI simulation, T: end time. The scaling 
parameters were intuitively selected as follows (Table 1): 
SGEOM = 10, SWIND = 1 and SFREQ = 10.
Once the frequency and wind speed scaling parameters 
are chosen, the geometry scaling parameter is not arbi-
trary in order to maintain the reduced wind velocity value 
belonging to the real case. Based on the above selected scal-
ing parameters, the geometry of the real bridge was down-
scaled in the CFD mesh, while the inflow wind velocity was 
not changed. The oscillation frequency of each mode shape 
of the bridge is 10 times higher in the CFD than the real 
case; the natural frequency of the torsion mode of the bridge 
is n = 0.18 Hz, which is equivalent to n = 1.80 Hz in the 
CFD. The time step size was set to Δt = 0.001 s in the CFD 
that satisfies the CFL criteria in the majority of the domain. 
As a consequence of the hybrid scaling, the time step of the 
structural dynamics is not equal to that of the CFD; apply-
ing the frequency scaling parameter SFREQ = 10, the time step 
size in the structural dynamics solution was Δt = 0.01 s, 10 
times higher than the CFD time step. Consequently, the end 
time in the CFD and the structural dynamics is also differ-
ent; T = 10 s and T = 100 s; respectively.
By studying to the scaled and unscaled cases (Tables 1 
and 2), the benefits of the hybrid scaling are clear. If no scal-
ing is applied, the time step needs to be set to Δt= 0.001 s 
both for the CFD and the structural dynamics scheme, 
leading to a total number of time steps of N = 105, 10 times 
higher than that of the scaled case (Table 1). On top of all, 
without scaling, the Reynolds number is higher in the CFD 
model, leading to higher y+ values at the wall region. This 
may require denser boundary layer mesh. Naturally, the 
scaling brings the Reynolds-number scaling problem into 
the hybrid method, which always needs to be assessed.
4 Results
The FSI simulation requires initial conditions both for the 
CFD and the structural dynamics domains. In the CFD the 
initial values (inflow wind speed, turbulence properties) 
were kept constant. In the structural dynamics, a pertur-
bation was applied; each mode was excited within the first 
100 time step, then the added modal forces were switched 
off. The reached initial vertical displacement was 1.05 
m, the rotation 10.3 deg, which are large enough to gen-
erate self-excited forces and observe the decay motion. 
Though a free development of the unstable motion would 
be desirable, the perturbation accelerates the simulation, 
and torsional instability motion can accurately be captured. 
The most relevant result of the FSI simulation is the 
time-series of the bridge deck displacement.




B [m] 12.43 1.243 -
D [m] 2.44 0.244 -
L [m] 853.4 85.34 -
SWIND [-] 1
U [m/s] 15 15 -
SFREQ [-] 10
nTORSION [Hz] 0.18 1.80 0.18
URED [-] 6.70 6.70 -
Re [-] 5.5E + 08 5.5E + 07 -
Δt [s] - 0.001 0.01
N = T/Δt [-] - 1.0E + 04 1.0E + 04
T [s] 100 10 100




B [m] 12.43 12.43 -
D [m] 2.44 2.44 -
L [m] 853.4 853.4 -
SWIND [-] 1
U [m/s] 15 15 -
SFREQ [-] 1
nTORSION [Hz] 0.18 0.18 0.18
URED [-] 6.70 6.70 -
Re [-] 5.5E + 08 5.5E + 08 -
Δt [s] - 0.001 0.001
N = T/Δt [-] - 1.0E + 05 1.0E + 05
T [s] 100 100 100
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In the case of the Tacoma Narrows Bridge the torsion 
motion of the bridge deck is important to study. In Fig. 9 
the torsion amplitude of the quarter section of the main 
span can be seen, by using LES combined with the fine 
mesh (2.5 M cells). The decay motion was investigated at 
different inlet wind velocities of 5, 10 and 15 m/s. The total 
damping of the vibrating deck in airflow becomes zero at 
around 9 m/s, which is close to the critical wind speed 
of the torsional instability. The deformed deck from the 
3D FSI simulation can be seen in Fig. 10. Although three 
modes (sway, bending and torsion) were included in the 
modal structural dynamics calculation, only the torsion 
mode dominates in the unstable oscillation, which is well 
in line with the experiences (Fig. 11). It should be noted 
that the torsion displacement time series computed on the 
coarse mesh combined with k-e model were close to that 
of the fine mesh with LES.
As demonstrated in Fig. 10, the proposed novel hybrid 
technique is appropriate to model aero-elastic problems. The 
main advantage of the method is that the structural motion 
can be investigated in detail, leading to better understand-
ing of the phenomenon. In Fig. 12 the bridge deck defor-
mation can be seen [36]. It can be observed that besides 
torsion, sway and vertical bending motion components are 
also present, but their role is marginal, though. The sway 
motion is explained by the drag force change due to the 
torsion motion and the consequently varying wind loaded 
height. This kind of horizontal motion can be well observed 
in the videos of the bridge oscillation. The bending motion 
also develops due to the aerodynamic coupling of the tor-
sion and bending modes, even if this coupling is weak.
In the aftermath of the tragedy of the Tacoma Narrows 
Bridge, basically two different countermeasures have been 
developed and applied in the bridge deck shape design. 
Fig. 10 Deformed stages of the main span in the CFD simulation
Fig. 9 Time history of the maximum rotation of the deck
Fig. 11 Deformed positions of the real bridge deck
Fig. 12 Spatially deformed bridge deck with vortices around it 
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The stiffening girder is made of either a truss structure 
[37–38] or a streamlined box girder [39–40]. In case of 
the Tacoma Narrows Bridge, additional aerodynamic ele-
ments could have improved the stability, which is practi-
cally interesting for bridge design engineers. Therefore, 
in order to demonstrate the capabilities of the proposed 
hybrid method, two other bridge deck sections were also 
simulated besides the original Tacoma case. The three 
studied shapes are shown in Fig. 13. The TAC is the origi-
nal shape, the TAC-STREAM is the bridge deck with aero-
dynamic modification on the upwind and downwind sides 
of the deck, and the STREAM is a fully closed box girder. 
The coarse mesh strategy along with the k-ε turbulence 
model (around 100.000 cells) was applied to these lots of 
cases. From practical point of view, the TAC-STREAM 
version could have been constructed, but the STREAM 
case would have altered the level of the carriageway. 
Though practical feasibility of the STREAM version 
is not investigated, still considered for gaining experi-
ences. All the three cases were combined with the original 
structural dynamic properties assuming that the modifica-
tions have little contribution to the mechanical properties. 
The aerodynamic instability of the Tacoma Bridge with 
these three cross sections was studied in detail. Besides 
the hybrid FSI, the aerodynamic derivatives introduced by 
Scanlan and Tomko [21] were computed. The A2* deriv-
atives [5, 8, 14, 38] of the investigated cross sections can 
be seen in Fig. 14 extended with that of the Theodorsen's 
theory. It can be seen that the A2* (the connection between 
the torsional motion and the moment) turns to be positive 
(leading to negative torsional damping) in case of the TAC 
shape and even by using wind noses, the TAC-STREAM 
shape performs badly. The proper stabilization can be 
achieved by using STREAM shape.
The total damping of the bridge structure in airflow 
with the three different bridge deck shapes is illustrated in 
Fig. 15. The total logarithmic decrement of damping was 
determined based on the modal aerodynamic derivatives 
method proposed by Szabo et al. [16]. The bridge deck is 
given a forced three-dimensional oscillation according to 
the relevant mode shapes, therefore can be regarded as an 
equivalent counterpart of the FSI, only in the frequency 
domain. The total damping curves of the eigenvalue anal-
ysis are in good agreement with those of the FSI simula-
tion. The critical wind velocities based on the FSI were 
extracted by linear interpolation as: Ucr = 9.0, 12.4 and 20.0 
m/s for the TAC, TAC-STREAM and STREAM sections; 
respectively. The bridge deck torsion motion was calcu-
lated by using modal analysis with 3 modes (3DOF) and 
only one mode (1DOF) included.
In Figs. 16–18, important consequences can be drawn. 
In case of the TAC the torsion mode dominates. The tor-
sional amplitudes are identical by using all the three modes 
and one torsion mode only. This finding proves that the 
Tacoma Narrows Bridge oscillation was torsional instabil-
ity, and no contribution of the bending mode was import-
ant. The TAC-STREAM case was slightly different: at the 
Fig. 13 Aerodynamic modifications
Fig. 14 Aerodynamic derivative A2*
Fig. 15 Total damping of the torsional modes of the three bridge deck 
shapes (thin lines: eigenvalue, thick lines: FSI)
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wind speed of U = 15 m/s, there is a noticeable difference 
between the torsion amplitude time series by using three 
modes and only one. This means that there is a little cou-
pling effect between the modes through the aerodynamic 
forces. In case of the STREAM case the mode coupling 
effect was significant; at U = 30 m/s the motion ampli-
tudes grow rapidly with all the three modes but decreases 
fast with the torsion mode only. The mode coupling for the 
STREAM section is dominant; as the A2* is negative for 
all Ured values, no instability can occur without the vertical 
bending mode included.
The torsional and bending amplitude time series of the 
quarter section of the bridge can be seen in Figs. 19–21. 
In case of the TAC section the torsion amplitudes are grow-
ing exponentially (Fig. 19) at the wind speed of U = 15 m/s, 
over the critical value (Ucr = 9.0 m/s). The bending motion 
amplitude, however, do not follow this tendency, which is 
in line with the finding that the bending mode is not rel-
evant. The TAC-STREAM case is different. The growth 
in the torsion amplitude at the wind speed of U = 20 m/s 
is followed by the bending amplitude until t = 70 s, but 
after this time instance the bending motion tends to decay. 
This means that there is indeed some coupling between 
the torsion and bending modes, but this effect is marginal, 
nevertheless. The STREAM case is an ideal example to 
coupled flutter. Over the critical wind speed the exponen-
tially growing torsion amplitude is perfectly accompanied 
by similarly growing bending amplitudes.
The critical wind velocities based on the FSI are: 
Ucr = 9.0, 12.4 and 20.0 m/s for the TAC, TAC-STREAM 
and STREAM sections; respectively. The torsion instabil-
ity of the TAC (original bridge) is dangerously low. It can be 
seen that the TAC-STREAM modification gives only slight 
improvement. The problem is that the bridge deck shape 
cannot be remarkably stabilized, which can be observed in Fig. 17 Torsion amplitudes at U = 15 m/s (bridge deck: TAC-STREAM)
Fig. 18 Torsion amplitudes at U = 30 m/s (bridge deck: STREAM)
Fig. 16 Torsion amplitudes at U = 10 m/s (bridge deck: TAC)
Fig. 19 Torsion and bending amplitudes of the quarter section of the 
main span (TAC)
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Fig. 14. The type of instability remains purely torsional. If 
the bridge deck is altered into the STREAM version, the 
critical value can be raised up to 20 m/s, which would still 
have not been satisfactory. The reason for that can be found 
when studying the mechanical properties. The ratio of the 
torsion (nt = 0.183 Hz) and bending (nh = 0.144Hz) frequen-
cies is around α = nt/nh = 1.27, which is highly unfavorable 
in terms of coupled flutter. In case of a streamlined flat plate 
(e.g. an airfoil or a streamlined bridge deck) with one tor-
sion mode and one bending mode, the ratio of 1.27 is close 
to the one that gives the lowest critical flutter speed. Hence, 
the ratio of the torsion and bending modes of the Tacoma 
Narrows Bridge can be indeed regarded as fatal, but not for 
the original bridge configuration, as was suspected early 
on. In contrast, it has major relevance for the aerodynam-
ically stable STREAM case only, which was found to be 
prone to mode coupled flutter instability (Fig. 22).
Having studied the possible solutions to improve 
the aerodynamic stability of the Tacoma Bridge deck, 
it should be noted that there are structures that requires 
inverse philosophy. Energy harvesters produce electricity 
on the principle of flutter motion [41]. These machineries 
consist of flaps that need to show flutter instability, there-
fore the aim is to construct structures that are prone to 
flutter in contrast to bridges and buildings.
Fig. 20 Torsion and bending amplitudes of the quarter section of the 
main span (TAC-STREAM)
Fig. 21 Torsion and bending amplitudes of the quarter section of the 
main span (STREAM)
Fig. 22 Torsion and bending amplitudes of the quarter section of the 
main span (STREAM) with and without scaling
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Finally, some details as to the computational time are 
given. A scaled simulation case with the coarse mesh com-
bined with the k-ε model (N = 10.000 time steps) requires 
approximately 20 hours (2.4 GHz CPU, single core). 
The torsional amplitude time series of the real bridge 
structure can be seen in Fig. 22 (thin line). If no scaling is 
applied, the same CPU time enables ten times less length of 
oscillation to model. In order words, the same length would 
have required 200 hours CPU time, therefore has not been 
carried out until the end time. We note that the turbulence 
intensity and length scale in case of the unscaled simulation 
was 1 % and 1 m, respectively. The amplitudes calculated 
with and without scaling are in good agreement, which 
can be explained with the minor Reynolds-number effect. 
If the computed aerodynamic forces are not burdened 
by Reynolds-number effects, the hybrid scaling method 
offers equivalent results with the unscaled simulation, but 
at a remarkably reduced computational cost. In Fig. 23 
a detail of the torsion time series can be seen belonging to 
the bridge boundary of the scaled CFD model and the real 
bridge structure at the time instance of around 8 s. 
As was explained earlier, the oscillation frequencies are 
higher in the CFD than in the structural dynamics calcula-
tion. The time step size is adjusted accordingly in order to 
have the same time step number in these two domains. If 
the structural motion of the real bridge is extremely slow, 
large time step size can be allowed. As an unscaled CFD 
simulation requires usually small time steps, this seems 
only feasible by scaling the CFD model. The hybrid scal-
ing enables to use the most adequate time step size both for 
the CFD and the structural dynamic calculation, resulting 
in less time step number necessary. That is the point in 
using hybrid scaling. In Fig. 24 the unscaled case can be 
seen. The oscillation frequencies as well as the time step-
ping are the same for the CFD and the structural dynamics 
solution. As the CFD is not scaled in this case, significantly 
more time steps are necessary compared to the scaled case.
5 Conclusions
In this paper a novel hybrid scaling approach was intro-
duced that was found to be appropriate for wind engi-
neering problems. The main goal was to work out a full 
Fig. 23 Torsion amplitudes of the CFD (top) and the real bridge 
(bottom) with hybrid scaling
Time step sizes: Δt (CFD-SCALED) = 0.001s, Δt (REAL) = 0.01s
Periods of torsional oscillations: T (CFD-scaled) ≈ 0.5s,  
T (REAL) ≈ 5.0s
Time step number for a cycle: N (CFD-scaled) ≈ 500, N (REAL) ≈ 500
Fig. 24 Torsion amplitudes of the CFD (top) and the real bridge 
(bottom) without hybrid scaling
Time step sizes: Δt (CFD-SCALED) = 0.001s, Δt (REAL) = 0.001s
Periods of torsional oscillations: T (CFD-unscaled) ≈ 5.0s, T 
(REAL)≈5.0s
Time step number for a cycle: N (CFD-unscaled) ≈ 5000, N (REAL) ≈ 5000
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aero-elastic approach for bridge deck instability assess-
ment, which can be performed even on a low-profile PC. 
In the proposed procedure the whole bridge span can be 
considered, therefore mode coupling effect can be studied 
in detail. The FSI simulations were applied to the origi-
nal Tacoma Narrows Bridge. The calculated critical wind 
speed belonging to the torsional instability and the nature 
of the oscillation were in good agreement with experi-
ences. The proposed FSI was tested on modified bridge 
deck shapes as well, in order to design aerodynamically 
stabilized sections.
It was shown that the hybrid scaling can provide results 
equivalent with unscaled FSI approaches, but at a remark-
ably reduced computational cost. Based on the findings 
of this paper, the hybrid FSI method can be proposed to 
aerodynamic instability related problems in aerospace or 
bridge engineering. The method was demonstrated for tor-
sional instability and coupled flutter, in which the inflow 
wind speed was idealized as constant. If buffeting is to be 
modelled, however, time and space varying wind speed 
needs to be used at the inlet in the CFD model. Likewise, 
bridge deck instabilities modelling may also require 
unsteady flow conditions to consider. In these cases, 
besides the mean wind speed, the turbulent inlet proper-
ties are to be scaled as well, which needs further develop-
ment of the hybrid scaling method.
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